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INTRODUCTION
Fungal phytopathogenic effectors are small secreted and/ or injected proteins that are introduced into apoplastic space or cytoplasm of host cells in order to alter cellular processes (Dodds and Rathjen, 2010; Kuhn and Panstruga, 2014) . They generally target PAMP-triggered immunity (PTI), the first line of the plant innate immune system, and overcome the plants defense by the 'effector-triggered suppression' of PTI (Hogenhout et al., 2009; Bozkurt et al., 2012; Rafiqi et al., 2012) . However, plants possess a second defense mechanism, effector-triggered immunity, where immune receptors or resistance proteins recognize pathogen effector proteins and trigger further defense mechanisms, including the hypersensitive response (HR) that results in cell death (Jones and Dangl, 2006; Dodds and Rathjen, 2010; Maekawa et al., 2011; Liu et al., 2013) . Interactions between effectors and resistance proteins can be either direct or indirect through association with accessory proteins, or by the recognition of host proteins that have been modified by the effectors (van der Hoorn and Kamoun, 2008; Dodds and Rathjen, 2010; Cui et al., 2015) . Therefore, in order to survive and promote infection, pathogens are under a selective pressure to generate new effectors or mutate existing ones to avoid recognition by resistance proteins.
Hundreds of candidate effectors from filamentous fungi or oomycetous pathogens have been identified through analysis of expression patterns and genomic sequences . However, unlike oomycetous effectors, the majority of fungal effectors share little sequence identity with each other or with other proteins of known function. The exceptions are fungal effectors containing known-function-related domains or motifs, such as Ecp6 or Slp1 with LysM domain or necrosis-and ethyleneinducing peptide 1 (Nep1)-like proteins Lo Presti et al., 2015) . As a result of lack of sequence homology, the prediction on function of fungal effectors is challenging, leaving the function of the large majority of them during fungal infection is unknown. To date, proteomics, biochemistry, cell biology and other strategies have been used to identify and characterize the function of effectors Lo Presti et al., 2015) . However, an alternative approach for assigning the molecular function is to compare their three-dimensional (3D) structures with structures deposited in the Protein Data Bank (PDB) database. Comparisons of 3D structures of proteins are far more sensitive than primary sequence alignment, because proteins adopting similar folds usually facilitate similar molecular functions even though they may not share significant sequence similarity (Zarembinski et al., 1998) . In addition, the development of protein expression, purification and crystallization technologies, as well as more advanced software for data collection, processing and model building, has generated new opportunities to enable the assignment of the function of effectors by determining their structures . Presently, the 3D structures of some avirulence effectors have been determined, such as AvrM and AvrL567 from Melampsora lini (Wang et al., 2007; Ve et al., 2013) , Ecp6 and Avr4 from Cladosporium fulvum (S anchez- Vallet et al., 2013; Kohler et al., 2016) , AvrLm4-7 from Leptosphaeria maculans (Blondeau et al., 2015) , AvrPiz-t, Avr1-CO39, Avr-Pia and Avr-PikD from Magnaporthe oryzae (Zhang et al., 2013; de Guillen et al., 2015; Maqbool et al., 2015) , and RxLR effectors Avr3a11, PexRD2, ATR1, ATR13, Avr3a, AVH5 and PexRD54 from oomycetes (Boutemy et al., 2011; Chou et al., 2011; Yaeno et al., 2011; Sun et al., 2013; Maqbool et al., 2016) . These structures will provide more clues and details on our understanding of roles of the effectors in the infection process and the relevance to plant immunity and pathogen virulence based on their structures and molecular interfaces to the receptors.
The rice blast fungus M. oryzae is the pathogen of the rice blast, one of the most devastating diseases impacting on rice production (Wilson and Talbot, 2009; Valent and Khang, 2010) . Moreover, the pathogen has been widely utilized as a model to study molecular mechanisms of fungal pathogenesis (Ebbole, 2007; Dean et al., 2012; Zhang and Xu, 2014) . Nearly 700 candidate effectors have been predicted from their sequence characteristics in the M. oryzae genome, and hundreds of them are expressed during infection or appressorium formation (Soanes et al., 2008; Mosquera et al., 2009; Yoshida et al., 2009; Kim et al., 2010; Chen et al., 2013) . As more effectors have been identified, biochemical function of these effectors and how they are engaged by their host receptors are hot topics to study. Until now, only Slp1 containing LysM domain has been proved to interface with the rice chitin receptor CEBiP by binding chitin, while other effectors' biochemical functions of this fungus are still unknown (Mentlak et al., 2012; Chen et al., 2014; Liu et al., 2016) . Among these effectors, eight avirulence (Avr) proteins, AVR-Pia, AVR1-CO39, AvrPii, AVR-PikD, AvrPiz-t, Avr-Pita, Avr-Pi9 and AvrPib, have been proved to be recognized by the transitional nucleotidebinding and leucine-rich-repeat domain proteins directly or indirectly through its partner (Jia et al., 2000; Kanzaki et al., 2012; Cesari et al., 2013; Fujisaki et al., 2015; Wu et al., 2015; Zhang et al., 2015) . The interaction network between AvrPiz-t and Piz-t has been studied in advance, and AvrPiz-t affects the host immunity by inhibiting the RING-type E3 ubiquitin ligase APIP6 and APIP10, bZIP-type transcription factor APIP5 (Park et al., 2012 (Park et al., , 2016 Ning et al., 2015; Wang et al., 2016) . Besides that, the structure of AvrPiz-t shares the same fold with that of AVR-Pia, AVR1-CO39, AVR-PikD from M. oryzae, and toxin ToxB from the wheat tan spot pathogen Pyrenophora triticirepentis, although they lack sequence similarity (Nyarko et al., 2014; de Guillen et al., 2015; Maqbool et al., 2015) . These structurally conserved effectors are collectively grouped as M. oryzae AVRs and ToxB like (MAX) effectors (de Guillen et al., 2015; Maqbool et al., 2015) . Moreover, key residues from AVR-PikD and AVR-Pia that direct the interaction with their cognate R proteins have been determined, and predicted mechanisms of receptor evasion proposed through genetic and structural analysis (Maqbool et al., 2015; Ortiz et al., 2017) . Given these observations, it will be interesting to know how other related AVR effectors of M. oryzae, such as AvrPib, are recognized by their receptors and how although sharing the same fold avoid recognitions by their different immune receptors.
The avirulence gene AvrPib was recently isolated with map-based cloning and through identification of point mutations of the AvrPib allele among diverse M. oryzae isolates that led to loss of avirulence function . Therefore, to better understand the recognition of AvrPib by its immune receptor, we determined the AvrPib crystal structure, and examined the conformation and function of the wild-type and mutated alleles of AvrPib. The crystal structure of AvrPib showed a high degree of structural homology with other MAX effectors. This comparison with structures of other MAX effectors revealed a distinct positively charged patch (PCP) on the surface of AvrPib formed by three parts of residues linked by b-sheet. Sitedirected mutagenesis and functional analysis revealed these residues in the PCP played important roles in avirluence function and nuclear location of AvrPib into host cells. Furthermore, the mechanism of two natural loss-of-function mutants was investigated by analyzing the location of the mutated residues, and by comparing the solubility and conformation of the wild-type and mutant alleles of AvrPib. The structural study, together with functional analysis, provides the structural basis for the variety of MAX effectors recognized by their receptors and the evolution mechanism of AvrPib.
RESULTS

Structure of AvrPib
The 1.66 A crystal structure of the AvrPib was solved by single-wavelength anomalous diffraction (SAD). The data collection and refinement statistics were presented in Table 1 . There were four protein molecules in the asymmetric unit (ASU), and the final refined model ( Figure S1a ) contained all the residues of mature protein Thr 23 -Glu 74 . In addition, electron density for the N-terminal Met and one (Molecule C) or seven extra residues (Molecule B) of the Nterminal his-tag was present. Analysis of the intermolecular interactions observed in the crystal structure using the protein-protein interface server PISA (Krissinel and Henrick, 2007) did not reveal any significant interfaces that could result in the formation of stable quaternary structures. In addition, within the ASU, the four molecules adopted a virtually identical backbone conformation with an RMS deviation of less than 0.7 A for all Ca positions of their main chains ( Figure S1b ). Taken together, these data indicated that AvrPib was a monomeric protein and was in agreement with the gel filtration data also demonstrating a monomeric state in solution ( Figure S2 ). Therefore, based upon these observations, we then examined the structure of the monomer in more detail shown in Figure 1 . The monomer structure comprised a fold consisting of six antiparallel b-strands (b1-b6) corresponding to residues 23-29 (b1), 32-39 (b2), 43-49 (b3), 52-59 (b4), 63-67 (b5) and 72-74 (b6) . The strands formed a b-sandwich fold where b3-b4-b5 formed one-half of the sandwich and b6 together with b1-b2 formed the other half. The fold was stabilized by the packing of hydrophobic side-chains displayed on the surface of the b-strands that protruded into the interior of the domain to form a hydrophobic core.
AvrPib is a MAX effector
Structural similarity searches of the PDB with AvrPib (PDB code: 5z1v) using the DALI server (Holm and Rosenstr€ om, 2010 ) produced significant matches to another effector, AVR-PikD (PDB code: 5a6w), from M. oryzae, although there was little sequence identity between these two proteins (Chain C of 5a6w, Z score = 7.3 RMSD as 1.86 over aligned 51 residues with only 10% sequence identity; Table S1 ). The structures of other effectors AVR1-CO39, AvrPiz-t and AVR-Pia (2myv, 2lw6 and 2myw, Z score for them as 6.6, 5.8 and 4.8, separately) from M. oryzae were all the structure homologies of AvrPib. Besides these effectors, the wild-type and mutant of ToxB from P. triticirepentis also had the same six b-stranded fold as that of AvrPib (Figure 1 ). These results indicated that all these effectors including AvrPib shared the same b-strand sandwich fold and AvrPib was also a MAX effector.
A distinct PCP exists on the surface of AvrPib
Although the MAX effectors shared the same fold, most of them excepting AVR-Pia and AVR-CO39, which were recognized by a pair of receptors RGA4/RGA5 (Cesari et al., 2013) , were recognized by different R proteins to trigger HR responses (de Guillen et al., 2015) . Given this structural conservation but wide diversity of Avr-R proteins interactions, one possibility was that the surface charge distribution of an Avr protein might be important for its function and contribute to the specificity of interaction with the paired R protein. After analyzing the surfaces of these proteins, it was notable that the distribution of their surface charges was distinct. Mapping of the surface charge distributions of AvrPib and other effectors indicated that they shared no conserved patches, such as positive, negative or hydrophobic ones. Among these effectors, only AVR1-CO39, AvrPiz-t and AvrPib had dominant charge patch(es) on the surfaces ( Figure S3 ). The other ones had only hydrophobic patch with several positive-or negativecharged residues distributed separately on the surfaces. For the charged surfaces, the surface of AVR1-CO39 was mainly negative charged, while there was a PCP on one side of the surface of AvrPiz-t. Unlike them, there were two charge patches on the surface of AvrPib, a positive surface on one side and one negative charge patch on the opposing face ( Figure 2 ). It was well known that positively charged residues in proteins were important for interaction with other negatively charged macromolecules, such as nucleic acids, lipopolysaccharides or membranes, to affect the location and translocation of proteins . Therefore, we focused on the PCP of AvrPib, and analyzed the effect of mutation on its function and subcellular location. The PCP was formed by the combined side-chains of five basic residues: Lys29, Lys30, Arg50, Lys52 and Lys70 that were located in loops that interspersed the b-strands of the structure (Figure 2a ). In the primary sequence, these residues were grouped into three clusters: Lys29 and Lys30 were in the b1-b2 loop; Arg50 and Lys52 located to the b3-b4 loop; and Lys70 was in the b6-b7 loop. Spaced by gaps between them were 20 and 18 amino acids, which consisted of two b-strands (b2-b3 or b4-b5) to link these five residues to form the patch (Figure 2b ).
Basic residues in the PCP are essential to avirulence function of AvrPib
To investigate the function of the five residues that consist of the PCP of AvrPib, we first generated two constructs in which all five residues were substituted by alanine (K29A, K30A, R50A, K52A and K70A) and glutamic acid (K29E, K30E, R50E, K52E and K70E; Table S2 ). Both constructs were independently introduced into a M. oryzae field strain DG7 that did not express AvrPib, and at the same time DG7 transformants expressing the wild-type AvrPib allele were also generated. All of the DG7 transformants expressing the wild-type or mutated AvrPib allele were indistinguishable with respect to DG7 colony growth and morphology ( Figure S4 ), and were inoculated by wounding onto leaves of two rice cultivars, LTH that has no Pib and BL1 that expressed Pib (Figure 3a ). While DG7 was compatible on cultivar BL1, DG7 transformants expressing the wild-type AvrPib allele were incompatible on cultivar BL1, suggesting that the AvrPib allele was functional in strain DG7. However, DG7 transformants expressing the mutated AvrPib alleles, K/R to A or to E in the PCP, were compatible on cultivar BL1 (Figure 3a) , suggesting that the mutated key amino acids abolished the avirulence of AvrPib. As control, all of the tested strains were compatible on cultivar LTH (Figure 3a) . Similar results were obtained using a spraying inoculation approach (Figure 3b) . Moreover, the secondary structure of the wild-type AvrPib and the mutations, K/R to A or to E in the PCP, were evaluated spectroscopically by circular dichroism (CD). The CD measurements showed that the mutated AvrPib alleles have the same b-sheet content as the wild-type as judged by the spectral signal intensity 216 nm, suggesting that these mutations had no effects on the secondary structures of AvrPib ( Figure S5a) .
We also evaluated gene expression levels of AvrPib in rice leaves infected by DG7 transformants expressing the wild-type AvrPib or mutated alleles at 24 hpi with reverse transcriptase-polymerase chain reaction (RT-PCR). As shown in Figure 3(c) , all of the transformants expressed similar levels of AvrPib when they infected incompatible cultivar BL1 and compatible cultivar LTH. These findings suggested that the mutated AvrPib alleles, K/R to A or to E in the PCP, had minor effects on its gene expression level during plant infection. Taken together, the five key basic amino acids in the PCP were essential to avirulence function of AvrPib.
Basic residues in the PCP of AvrPib are essential to its nuclear localization into host cells Previously, it was shown that two different secretion systems in M. oryzae were employed to secrete fungal effectors into the apoplasm or the cytoplasm of host cells Yi and Valent, 2013) . To determine subcellular localization of AvrPib during plant infection, transformants expressing the fusion between mCherry and AvrPib or its mutated alleles, K/R to A or to E in the PCP, were generated. By wounding inoculation, all of the transformants were virulent on compatible cultivar LTH, whereas the fusion between mCherry and AvrPib but not its mutated alleles were avirulent on incompatible cultivar BL1 (Figure 4a) . Moreover, to verify whether the mutations affect protein expression levels of AvrPib, total proteins extracted from rice leaves infected by these transformants were detected with an anti-mCherry antibody. Similar levels of the expected 33 kD mCherry-AvrPib fusion were detected in samples of both compatible cultivar LTH and incompatible cultivar BL1 infected by these transformants (Figure 4b ). These findings suggested that the mCherryAvrPib fusion was functional, and that the K to A or E mutations in the PCP of AvrPib abolished its avirulence function but had minor effects on its protein expression level during plant infection. The transformants expressing the mCherry-AvrPib fusion were inoculated onto barley epidermis to observe fluorescence signals. Around the primary invasive hyphae from 20 hpi, red fluorescence signals were enriched in the biotrophic interfacial complex (BIC) structures, which were specific to secretion of cytoplasmic effectors ( Figure S6 ). At over 42% of successful infection sites (n = 55), red fluorescence signals were observed in the nuclei of host cells (Figure 4c,d ). These findings suggested that AvrPib could be secreted into host cytoplasm and partially targeted to host nuclei. Under the same conditions, transformants expressing the fusion between mCherry and mutated AvrPib alleles, K/R to A or to E in the PCP, were assayed. Red fluorescence signals were still enriched in the BIC structures, but they were found to localize into host nuclei at less than 10% of successful infection sites (K/R to A: n = 63; K/R to E: n = 67; Figure 4c,d) . Taken together, these findings suggested that the five key basic residues in the PCP of AvrPib played vital roles in its translocation into host nuclei.
The hydrophobic interactions to stabilize the structure of the non-cysteine effector AvrPib
In the reported MAX effectors, at least one disulfide bond was formed in their structures. The disulfide bond was formed by the cysteine residues in the top edge of b1 and the loop between b4 and b5 of AVR-PikD, AVR-Pia and AVR1-CO39, or the end edge of b4 and b5 of AvrPiz-t (Zhang et al., 2013; de Guillen et al., 2015; Maqbool et al., 2015) . Unlike them, there were no cysteine residues in the amino acid sequence of AvrPib. To analyze the variety on the ways to stabilize the structures, the regions of disulfide bond formation in structures of AVR-PikD and AvrPiz-t were compared with that of AvrPib, respectively. After structure superposition of AVR-PikD and AvrPib, the counterparts of these two cysteine residues (C54 and C93) were exchanged to G62 and T23 in AvrPib, respectively (Figure 5a,b) . Without forming the disulfide bond, the distance between the carbon alpha atom of the two residues in AvrPib was 1.4 A longer than that of AVR-PikD (7.1/ 5.7 A). The three valine residues (V25, V58 and V73) around G62 formed the hydrophobic region together with T23. The force to stabilize the structure in this region was replaced from disulfide bonds to hydrophobic interactions. At the same time, the C-terminus to cover the disulfide bond in AVR-PikD was replaced as the shorter b-strand b6 in AvrPib. b6 of AvrPib was three residues long without any extra residue afterwards at the C-terminus. Other ones had either a longer b-strand b6 with seven or nine residues (AVR1-CO39, AVR-PikD and AVR-Pia) or with several extra residues after the b-strand (AVR1-CO39 and AvrPiz-t). After superposition of the AvrPiz-t and AvrPib structures, it was apparent that the cysteine residues C62 (b4) and C75 (b5) of AvrPiz-t that formed a disulfide bond were equivalent to V56 and I66 in AvrPib (Figure 5c ). However, the distance between the Ca carbons of V56 and I66 of AvrPib was longer than that of counterparts residues C62 and C75 of AvrPiz-t (4.5/3.7 A; Figure 5c ,d). V56 together with I66 interacted with three valines residues (V25, V39 and V73) and one phenylalanine residue (F47) by hydrophobic interactions (Figure 5c ). These results indicated that the AvrPib structure was stabilized by hydrophobic interactions that replaced the disulfide bonds found in other cysteine-containing MAX effectors.
Structure basis of the loss-or keep-function mutations
Two natural loss-of-function mutants with point mutations in AvrPib were isolated from M. oryzae isolates collected across five provinces of China . These two mutations resulted in either V39A or V58A substitution in AvrPib, and loss of the ability to elicit a HR response in the rice expressing the R gene Pib. V39 was located on b2 of the structure and should be a solvent inaccessible residue like I27 and V56. V39 interacted with the side-chain of F47, V56, V58 and main chain of E43 through its hydrophobic side-chain (Figures 6 and S7a). Unlike V39, V58 on b4 was recognized as solvent-accessible residue. For only 2.9 A of the surface of the residue exposed to the solvent, V58 mainly interacted with three residues V25, V39 and G62 by hydrophobic interactions (Figures 6 and S7b) .
The mutation from Val to Ala could disrupt the hydrophobic interactions formed in the wild-type to unstable the structure. To test this hypothesis, the two mutants and the 46E/K surface charge residue mutant as the control were expressed in Escherichia coli and purified following identical purification procedures to the wild-type one. When they were expressed, the wild-type or E46K mutant protein mostly was expressed as a soluble protein, while the V58A mutant was partly expressed in inclusion bodies and the V39A mutant mostly expressed as inclusion bodies ( Figure S8 ). We obtained approximately 50 mg of pure wild-type or E46K mutant protein from 1 L of E. coli culture, while only about 5 mg and 2 mg of pure proteins of V58A and V39A mutants, respectively. The lower solubility of these mutants indicated a lower folding efficiency of these two mutants compared with the wild-type or nonloss-function-mutation mutant for their behaviours in E. coli (Winkelmann et al., 2010) .
The secondary structure of the WT and mutants were evaluated spectroscopically by CD. As shown in far-UV CD spectra of the wild-type and mutants of AvrPib at 25°C and pH 7.0, the CD spectra of the wild-type or E46K mutant protein exhibited a broad minimum in the range from 210 to 220 nm ( Figure S5b) , typical of b-strand-rich protein and in agreement with the 3D structure determined in this study. In contrast, the characteristic b-sheet minimal negative peak at about 216 nm in the spectra of mutant V58A was smaller than that of the wild-type, while that of V39A disappeared altogether ( Figure S5b ). These data indicated that the structure of mutants especially that of the mutant V39A was mostly disordered. Moreover, mutants with decreased secondary structures were prone to aggregation, and their expression levels were much lower than that of wild-type as observed in the expression analysis.
Taken together, these data revealed that a mechanism to avoid recognition by the immune receptor could be through mutation of residues in the hydrophobic core to induce partial or total unfolding of the molecule.
DISCUSSION
Effectors are one of the key weapons utilized by pathogens to fight with plants. Hundreds of effectors have been predicted from sequenced genomes and expression analysis. Most of them share rare sequence homology to each other and other function-known proteins. To date, structural biology, together with other strategies, such as proteomics, biochemistry and cell biology, has been performed to identify the molecular and biochemical functions of effectors, and analyzes the evolution and variation between them.
Surface characteristics and shapes are the basis of function variability of the MAX effectors
The crystal structure of AvrPib reveals that it shares the same fold as the MAX effectors, AVR-PikD, AvrPiz-t, AVRPia and AVR-CO39 (Figure 1 ), demonstrating that AvrPib is also a MAX effector even though it shares only low sequence identity with other MAX effectors (Zhang et al., 2013; de Guillen et al., 2015; Maqbool et al., 2015) . Although these MAX effectors share the same fold, in large they are recognized by different immune receptors to trigger host HR reactions. The reasons for the variation of MAX effector on their functions remain unknown. The shape and surface charge distribution of the MAX effectors could be two main factors that affect their function.
After analysis of the surface of these proteins, only AVR1-CO39, AvrPiz-t and AvrPib have dominant charge patch(es) on the surface, and these patches are located in different parts of the surface ( Figure S3 ). The positive patch formed on the surface of AvrPib has been proved to be one of the key factors for its avirulence function, as the mutant without the positive residues lost the function to be recognized by the plant with Pib (Figure 3 ). It will be interesting to analyze the effects of the positive patch of AvrPiz-t and negative patch of AVR1-CO39 on their function. Moreover, the interaction interface of AVR-Pia has been identified by NMR titration and protein-protein interaction (Ortiz et al., 2017) . It is interesting to see that the interfaces of these two MAX effectors are in a similar location to interact the HMA domains of the receptors, while the interactions are different: the mainly hydrophobic interactions for AVR-Pia and hydrogen bonds interaction for AVR-PikD. In agreement with this study, these data also indicated that the variety of the surface residues could contribute to the specificity of these effectors. The variety of the length of the b-strands and the loops between bstrands makes the shape of the MAX effectors distinct from each other, although they have the same arrangement of the secondary structure. As reported recently, the unique N-terminal extension of AVR-PikD forms the interface to mainly interact with the immune receptor Pik (Maqbool et al., 2015) . The shape of MAX effectors could also affect their function.
PCP helps AvrPib targeting into the host nucleus
In oomycetes, dozens of effectors have been functionally characterized, and some of them target the host nuclei, such as Crinkler (CRN) effectors and Phytophthora effector PsAvh23 (Schornack et al., 2010; Kong et al., 2017) . Though several fungal effectors have been reported to be secreted into host cytoplasm (Valent and Khang, 2010; Park et al., 2012; Petre and Kamoun, 2014) , few of them were found to target host nuclei, such as Verticillium effector VdSCP41 (Qin et al., 2018) . In this study, we demonstrated that AvrPib was secreted through the BIC and targeted into host nuclei (Figure 4c ). Although the five key amino acids forming the PCP were dispensable for gene expression and protein stability of AvrPib (Figures 3c, 4b and S5a), they were essential for the localization of AvrPib into nuclei of host cells (Figure 4c) . Moreover, the five key residues in AvrPib were located in three different loops interspersed by b-strands, and the two b-strands forming a turn for these positive-charged residues come close although they locate in different positions in the primary sequence (Figure 2) . These findings suggested that the five key basic residues of the PCP might constitute a nuclear localization signal (NLS) in AvrPib.
The positive-charged regions (RxLR or RxLR-like motif) of oomycetous effectors or RxLR-like motifs of some fungal effectors are found to be required for lipid-bindingdependent translocation of the effectors into plant cells (Kale et al., 2010; Yaeno et al., 2011; . For AvrPib, no interaction with phosphatidylinositol 3-phosphate (PI3P) was detected by ITC ( Figure S9 ), suggesting that PI3P may not be the target of AvrPib and its entry into host cells may utilize other types of host membrane signals. However, a detailed mechanism for this finding remains to be investigated.
Mechanism to avoid recognition by the immune receptors of AvrPib
Previous studies have shown that there are different mutational events in Avr genes of M. oryzae, such as transposable element insertions, deletions and nucleotide substitutions, to lose their avirulence capacity (Dai et al., 2010; Valent and Khang, 2010; Huang et al., 2014) . All of the events have also been found in the genes of AvrPib in isolates with loss of avirulence . Most frequently, mutations result in the absence of the whole gene by deletion, partial loss of gene by transposable element insertion or single-point mutations in the region encoding the signal peptide. However, two mutants containing single-point mutations within the coding region (V39A and V58A) have been isolated . These two mutants lose the ability to cause HR in rice keeping the resistance gene Pib. Based on our surface accessibility analysis using PISA, V39 located on b2 of AvrPib is a solvent-inaccessible residue, while Val58 on b4 is a partially solvent-accessible residue. Notably, these two residues interact with hydrophobic residues V25, F47, V56 and G62 to form the hydrophobic core of the protein (Figure S7) . It is apparent that mutation of either V39 or V58 to alanine could destabilize the structure by disrupting hydrophobic interactions that are present in the wild-type AvrPib. Our expression analysis and biophysical measurements of the wild-type and mutants ( Figure S5b ; Table S3 ) support this hypothesis, suggesting that one mechanism for the loss-function mutations could be that these AvrPib mutants become mis-folded to the extent that they are no longer recognized by their receptors.
In some instances, M. oryzae Avr effectors, such as AVRPia or AVR-Pik, are recognized directly by their cognate R proteins directly (Kanzaki et al., 2012; Cesari et al., 2013) . Moreover, key residues in these effectors that are essential for recognition have been determined (Maqbool et al., 2015; Ortiz et al., 2017) . However, unlike AVR-Pia or AVRPik, AvrPiz-t is recognized by Piz-t only indirectly through the contribution of transcription factor APIP5 (Park et al., 2012; Wang et al., 2016) . Notably, in a similar manner we also observe that AvrPib also does not interact directly with its cognate R protein Pib ( Figure S10 ). Therefore, it will be very interesting to determine which intermediaries in the AvrPib-Pib interaction network are present, and to compare this with those of the AvrPiz-t and Piz-t network.
The presence of non-disulfide-bridged effectors in fungi
It is well known that most effectors in fungi, unlike those in oomycetes, are cysteine-rich and of small size Sperschneider et al., 2015) . AvrPib is an exception as it contains no cysteines in its sequence. However, comparison with other MAX cysteine-rich effectors reveals that in AvrPib hydrophobic residues replace these cysteine residues, and that the structure is likely stabilized by hydrophobic interactions instead of disulfide bonds ( Figure 5 ). Based on this finding, it is now necessary to include non-cysteine-rich effector candidates in sequence alignments, and detect many more effectors that are important to growth and development of these pathogenic fungi.
EXPERIMENTAL PROCEDURES
Plasmid construction
The AvrPib gene encoding the mature protein lacking the N-terminal signal peptide was synthesized codon-optimized for expression in E. coli. The gene was inserted into the bacterial expression vector pHAT2 between the NcoI and XhoI sites to enable expression of the mature protein with an N-terminal His 6 tag. Single-site point mutagenesis was performed in the expression vector according to the Fast Mutagenesis System.
For the complementation assay, AvrPib with its 1.1-kb native promoter and 0.3-kb 3'-downstream region was amplified with primers AvrPibHBf and AvrPibHBr, and ligated into vector pKN (Yang et al., 2010) . To determine whether key amino acids of positively charged area in AvrPib affect its avirulence functions, five alanine substitutions (K29A, K30A, R50A, K52A and K70A) and glutamic acid substitutions (K29E, K30E, R50E, K52E and K70E; Table S2) were made by site-directed mutagenesis, and these mutated AvrPib alleles along with the same flanking regions were inserted into pKN. For subcellular localization analysis, mCherry was amplified and fused with AvrPib and its flanking regions by overlap, and then the integrate fragment was inserted into pKN. All PCR primer sequences are listed in Table S4 .
Expression and purification of the wild-type and mutants of AvrPib
For expression, plasmid constructs were transformed into E. coli BL21(DE3). Cultures were grown at 310 K to OD 600 of 0.6-0.8 in LB medium containing 50 lg ml À1 ampicillin, and expression of the recombinant protein was induced by adding 1 mM IPTG and further incubation at 289 K for 12 h. Cells were harvested by centrifugation, resuspended in lysis buffer (20 mM Tris HCl, 500 mM NaCl, 20 mM imidazole, pH 7.5) and lysed by sonication. Supernatants from the cell lysates were applied to a Ni-Chelating Sepharose TM Fast Flow column and, after washing with lysis buffer, His-tagged proteins were eluted with elution buffer (20 mM Tris HCl, 150 mM NaCl, 500 mM imidazole pH 7.5). Proteins were then purified by gel filtration chromatography on a Superdex TM 75 10/300GL column (GE Healthcare, https://www.gelifesciences.com) equilibrated in storage buffer (20 mM Tris HCl, 150 mM NaCl, pH 7.5). After gel filtration chromatography, purified proteins were concentrated to 15 mg ml À1 in a 3-kDa molecular-weight cut-off centrifugal concentrator (Millipore, https://www.merckmillipore.com), flash-frozen and stored at À80°C.
Expression and crystallization of seleno-methionine-labeled AvrPib
For incorporation of seleno-methionine into AvrPib, the plasmid construct was transformed into E. coli strain BL21(DE3), and an overnight starter culture grown at 310 K in M9 minimal medium (Atlas, 2005) supplemented with 50 lg ml À1 ampicillin. For expression, 20 ml of the starter culture was used to inoculate 1 L of M9 medium supplemented with seven amino acids (100 mg each of Llysine, L-threonine and L-phenyalanine; and 50 mg each of L-leucine, L-isoleucine, L-valine and L-selenomethionine) and 50 lg ml À1 ampicillin (Doubli e, 1997). Cultures were grown to an OD 600 of 0.6-0.8 at 310 K, protein production was induced with 1 mM IPTG, and the cells grown for a further 12 h at 289 K prior to harvesting. The purification procedure for selenomethionine-labeled AvrPib was the same as for the wild-type protein. Crystals of AvrPib were grown at 291 K by sitting drop vapor diffusion using 1-ll drops containing equal volumes of protein and reservoir solution. The best crystals of selenomethionine protein were obtained from a condition of 0.2 M sodium thiocyanate pH 6.9, 20% (w/v) PEG 3350, and appeared between 3 and 5 days. After 5 days, crystals were harvested into reservoir buffer containing 20% (v/v) glycerol as cryo-protectant and frozen in liquid nitrogen prior to X-ray data collection.
Data collection and structure solution
X-ray diffraction data from crystals of the selenomethionine-incorporated protein were collected at a wavelength of 0.9776 A on beamline BL17 and BL18 at Shanghai Synchrotron Radiation facility (Hendrickson et al., 1990) . Data were integrated and scaled with HKL-2000 processing package (Otwinowski and Minor, 1997) . Crystals belonged to space group P2 1 with unit cell parameters a = 28.5 A, b = 65.8 A, c = 55.6 A. The structure was solved by SAD, employing the anomalous signal from selenium to produce an initial model using the AutoSol routine of PHENIX (Adams et al., 2010) . This initial model was improved by rebuilding into the electron density using Coot (Emsley and Cowtan, 2004) , and further refined using PHENIX with TLS (Translation/Libration/Screw) restraints (Schomaker and Trueblood, 1968) . The details of data collection and refinement statistics were presented in Table 1 .
CD spectroscopy
Circular dichroism spectra of purified recombinant wild-type and mutants were recorded on a Chirascan-plus spectropolarimeter (Applied Photophysics, https://www.photophysics.com) at room temperature in a 0.1-cm path-length quartz cuvette. CD spectra were recorded in 20 mM phosphate-buffered saline (PBS; pH 7.0) at a protein concentration of $ 0.2 mg ml À1 with data recorded between 200 and 260 nm at a scanning speed of 60 nm min À1 . Protein CD spectra were obtained after subtraction of a PBS alone buffer blank spectrum.
Fungal strains and culture conditions
A wild-type M. oryzae field isolate, DG7, was isolated from diseased rice leaves in Donggang City, Liaoning province, China, and displayed virulence to monogenic rice cultivar BL1 with R gene Pib. Strain DG7 and its transformants generated in this study (Table S5) were grown and maintained on oatmeal tomato agar plates at 26°C (Peng and Shishiyama, 1988) . The linearized recombinant plasmids were transformed into protoplasts of strain DG7 as previously described (Yang et al., 2010) , and positive transformants selected with geneticin (Invitrogen). A minimum of 10 independent transformants were selected for any subsequent analysis for each construct.
Virulence assays
Conidial suspensions at a concentration of 10 5 conidia per ml in 0.025% Tween 20 were sprayed onto detached leaves of 4-weekold seedlings of rice cultivars, either the LTH strain (with no R gene) or BL1 strain (with the Pib gene) were employed as described previously (Yang et al., 2010) . Concomitantly, 20-ll conidial suspensions at a concentration of 10 5 conidia per ml were also inoculated onto wound leaves of rice cultivars LTH and BL1 as described previously . Samples were incubated in a moist-dark chamber at 26°C for 36 h, and then with a 12 h light/12 h dark cycle for 4-6 days. Photographic images of typical disease lesions on leaves of LTH and BL1 cultivars were recorded at 7 days after inoculation. At the same time, wound rice leaves inoculated with each strain were collected at 24 hpi for RT-PCR assay, and at 30 hpi for Western blot assay.
RT-PCR
To measure relative abundances of the AvrPib transcript during plant infection among rice leaves infected by different strains, total RNA samples were extracted with an RNA extraction kit (Invitrogen). The crude RNA was pre-treated with DNase I (Takara) and was then reverse-transcribed with a PrimeScript RT-PCR Kit (Takara). RT-PCR was performed to amplify AvrPib by primers AvrPibRT-PCRF/AvrPibRT-PCRR. The stable-expression actin gene (MGG_03982) amplified by primers actinf/actinr was used as internal control. This experiment was repeated three times.
Western blotting
The soluble protein extracted by grinding the tissue in liquid nitrogen from 100 mg of fresh rice leaves infected by M. oryzae was mixed with an equal volume (300 ll) of 2 9 sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) loading buffer. Total extracted proteins were separated in 12.5% SDS-PAGE and transferred to Hybond TM -C nitrocellulose membrane filters (GE). After blocking overnight with 5% skimmed milk powder at 4°C, membranes were sequentially probed an a-rabbit primary antibody against mCherry at a 1:5000 dilution for 1 h at 37°C, and then with a secondary antibody (anti-rabbit IgG-peroxidase antibody; Sigma) at a 1:5000 dilution. Membranes were washed in TBST buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween-20) three times after each antibody incubation, and proteins were detected by BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime). Bands were recorded with a scanner (Cannon).
Microscopy
To observe fluorescence signals from the mCherry-AvrPib fusion or its mutated alleles in invasive hyphae, conidial suspension with a concentration of 5 9 10 4 conidia per ml was inoculated onto the lower epidermis of barley leaves, and then incubated in a moist and dark chamber at 26°C. Microscopic observations were performed at 27 hpi. To observe nuclei of barley cells, samples were stained with 1 lg ml À1 4 0 ,6-diamidino-2-phenylindole (DAPI) as described previously (Xu and Hamer, 1996) . Differential interference contrast and epi-fluorescence images were performed with an epi-fluorescence microscope (Nikon, https://www.nikon. com; Zhou et al., 2018) . Filter sets used were as follows: mCherry (excitation 510-560 nm; emission 575-590 nm) and DAPI (excitation 330-380 nm; emission 400-420 nm).
Yeast two-hybrid assays
The Yeastmaker TM yeast transformation system 2 (Clontech) was used to assay protein-protein interactions. Coding sequences of AvrPib and its mutated alleles without the signal peptide were cloned into the plasmid pGBKT7 with a binding domain as the bait vectors, and the Pib coding sequence was cloned into the plasmid pGADT7 with an activation domain as the prey vector. The prey vector and the corresponding bait vector were co-transformed into yeast strain Y2H Gold following the manufacturer's instructions. The resulting transformants were cultured on SD/-Trp/-Leu plates and SD/-Trp/-Leu/-His plus X-a-gal plates for 3 days at 30°C. 2017YFD0201100 and 2016YFD0300703), the Program for Changjiang Scholars and Innovative Research Team in University (grant no. IRT1042), the 111 project (grant no. B13006), the China Agricultural Research System (CARS-01-33), and the Project for Extramural Scientists of State Key Laboratory of Agrobiotechnology (grant no. 2017SKLAB7-10). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
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